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) (Ehleringer et al., 1997) . Moreover, maize (Zea 37 mays, L.), a C 4 plant of the NADP-ME subtype, is the leading grain production cereal (FAO, 2012) .
38
C 4 photosynthesis is shared between mesophyll (M) and bundle sheath (BS) cells, which are 39 coupled to allow the operation of a biochemical CO 2 -concentrating mechanism (CCM) working 40 through an ATP-dependent carboxylation-decarboxylation cycle (Bellasio, 2017) . The CCM 41 minimizes photorespiration by increasing the CO 2 concentration in the BS (C BS ), where Rubisco is 42 exclusively expressed, allowing high assimilation (A) at low rates of transpiration (E).
43
Consequently, C 4 plants, have higher photosynthetic water-use efficiency (WUE=A/E) compared 44 with C 3 plants (Ward et al., 1999; Anderson et al., 2001; Taylor et al., 2011; Cunniff et al., 2016) .
45
Estimating fluxes of carbon and water in and out of plants is important for predicting NPP, and 46 studying plant responses to past and future environmental change (Ostle et al., 2009; de Boer et al., 47 carbon gain and water loss often results in suboptimal WUE, and photosynthetic losses (Lawson and 68 Blatt, 2014).
69
The importance of g S at canopy, ecosystem and global scales is recognised, and models 70 describing stomatal behaviour coupled to leaf-level biochemical photosynthesis models form a 71 critical component of vegetation models (Ostle et al., 2009; Berry et al., 2010; Bonan et al., 2014; 72 Beerling, 2015; Sato et al., 2015) . Within vegetation models, A is often predicted for C 3 and C 4 73 plants using sub-models dating from the 1980s (Berry and Farquhar, 1978) , which have since been 74 updated (Yin and Struik, 2009; Yin and Struik, 2015) . Photosynthesis models are generally coupled 75 to stomatal sub-models in order to estimate g S from environmental or internal variables.
76
Historically, these stomatal models have been almost exclusively empirical or phenomenological, 77 and are often calibrated under non-limiting conditions (Ball et al., 1987; Collatz et al., 1992;  78 Leuning, 1995; Damour et al., 2010; Way et al., 2011) . Empirical models may lose accuracy the 79 further the simulated conditions deviate from those under which the models were calibrated (Way et 80 al., 2011) , and cannot provide insight into underlying physiological mechanisms (Buckley, 2017) .
81
Alternatively, g S may be simulated by defining the optimal trade-off between carbon gain and 82 water use (Givnish and Vermeij, 1976; Cowan and Farquhar, 1977; Damour et al., 2010; Manzoni 83 et al., 2013; Buckley et al., 2016; Paschalis et al., 2017) . So-called optimality models have potential 84 application beyond plant-level, but lack biophysical underpinning and assume unlimited phenotypic 85 plasticity in response to environmental drivers, which limits their applicability in modelling plant 86 responses to atmospheric [CO 2 ] and climate change (de Boer et al., 2011; Manzoni et al., 2013; 87 Buckley and Schymanski, 2014). In contrast, mechanistic models are underpinned by the 88 physiological mechanisms of stomatal functioning, but there are currently no such models coupled 89 with a biochemical model of C 4 photosynthesis.
90
Our objectives were to address three outstanding challenges. First, to develop and extend an 91 existing process-based framework for modelling stomatal conductance (Buckley et al., 2003; 92 Rodriguez- Dominguez et al., 2016) The coupled modelling scheme is depicted in Figure 1 to highlight which quantities are used as 107 model inputs and which are stated variables used to calculate photosynthetic and stomatal 108 responses. We derived photosynthetic parameters using data obtained from nine sets of 109 measurements on maize (Zea mays L., Table 1, see also Table S2 , the full dataset is reported in
110
Supporting Information File S2), and three to eight sets of measurements on three C 4 grasses 111 (Eragrostis curvula, Heteropogon contortus and Themeda triandra, Table S3 ). Stomatal 112 movements are driven by both biochemical (ATP) and hydro-mechanical forcing, the latter of 113 which includes guard cell responses to the water status and turgor of the leaf, which are closely 114 related to K PLANT and K LEAF . In the stomatal component of the model, the biochemical driver of 115 stomatal responses is , a quantity related to the concentration of ATP in BS and M chloroplasts.
116
The influence of biochemical factors relative to hydro-mechanical forcing is determined by the 117 parameter , while stomatal morphology is described by . PPFD in order to mimic the activation of aquaporins occurring upon transition from dark to light. , and thereafter followed a gradual increase with PPFD in line with data taken from Bellasio et al.
123

Responses to irradiance
147
(2016a) and previous reports (Sharkey and Raschke, 1981) . To demonstrate applicability beyond 148 maize, the model was parameterised with photosynthetic characteristics of three additional C 4 149 grasses (Table S3) , while interspecific differences in stomatal behaviour were described by 150 adjusting the combined parameter after (Rodriguez-Dominguez et al., 2016) . The model 151 accurately predicted A and g S at all PPFDs ( Figure S1 ). 
168
Responses to soil water potential 169 When C 4 plants experience water limitation, a portion of the overall decrease in A is driven by 170 biochemical limitations, unrelated to stomatal movements, and is generally referred to as non-171 stomatal limitation (Ghannoum et al., 2003; Ghannoum, 2009 (Figure S3 ), preserving the ratio between J ATPMAX and V CMAX .
175
Because the correction is applied to model inputs, outputs are mutually consistent and can be used were in line with the data of Morison and Gifford (1983) , measured under the same PPFD of the 199 simulations. However, Morison and Gifford (1983) showed a higher sensitivity of g S to changes in 200 VPD, which we partly attribute to growth differences, and partly to the fact that any feed-forward 201 action of humidity on stomatal movement is neglected in our model (Buckley, 2005) .
202
Dynamic responses to an increase in PPFD
203
Simulated dynamic responses of A and g S to an increase in PPFD from 50 to 1500 mol m 
Leaf hydraulic conductance
213
Leaf hydraulic conductance (K LEAF ) was found to be light-dependent in dicots (Sack and 214 Holbrook, 2006) and maize (Kim and Steudle, 2007) . The light induction is probably mediated by 215 an increased transcription of aquaporins (Cochard et al., 2007 represent induction at high PPFD ( Figure S2 ). In each case, the effect on g S was negligible ( Figure S3 A). For instance, at a PPFD of 200 mol m time-explicit constraints on J ATP and (Figure 6 ).
253
The hydro-mechanical and biochemical rationale underpinning the stomatal model is described 254 fully in Buckley et al. (2003) 
260
In the stomatal model, g S is proportional to stomatal aperture, which is in turn governed by 261 changes in guard cell and epidermal turgor (Franks et al., 1995 Farquhar and Wong (1984) . Tau is predicted through constraints on PGA Tau behaves in a manner broadly consistent with evidence suggesting that stomata respond to 301 some measure of the poise between the supply and demand for energy carriers in photosynthesis 302 (Wong, 1979; Messinger et al., 2006; Busch, 2014; Mott et al., 2014) ATP generation and consumption, sensed by the quantities V C(J) and V C(C) , respectively, are 310 independent of one another. Realistically, however, the actual rate of J ATP will promptly respond to 311 a decrease in C i , mediated by an increase in non-photochemical energy dissipation, while the 312 activity of light reactions will promptly respond to photophosphorylation levels (Kramer et al., 313 2004; Foyer et al., 2012) . Additionally, the τ model does not simulate responses to blue light, which 314 are independent of photosynthesis (Shimazaki et al., 1986) , nor the role of starch degradation in 315 stomatal function (Horrer et al., 2016 
337
The dynamic stomatal response following an increase in PPFD typically has three phases, all of 338 which our model reliably simulated ( Figure 6 ): an induction or lag (up to 10 min), a period of 339 increasing g s , and a plateau (Lawson and Blatt, 2014 
379
Water use optimality
380
Optimality of water use is measured by the marginal carbon gain obtainable for a given marginal is suboptimal, which opens up the intriguing question of whether suboptimal water allocation is an 392 element contributing to the poor performance of C 4 photosynthesis under low light (Sage, 2014) . conductance (Bellasio and Griffiths, 2014a, b) .
397
We note that the improved optimality discussed above for C 4 maize was associated with a 10 398 times smaller time constant for stomatal opening responses than for C 3 Arabidopsis thaliana 399 . This large improvement may result in part from the dumbell-shaped 400 guard cells of grasses, which facilitate rapid stomatal movements (Franks and Farquhar, 2007; 401 McAusland et al., 2016) , and in part from C 4 photosynthesis itself, which is generally associated 402 with faster stomatal responses (Knapp, 1993; Franks and Farquhar, 2007; McAusland et al., 2016) .
403
We propose the association between improved hydraulics (discussed above) and faster stomatal shown to be shorter relative to fewer larger stomata (Lawson and Blatt, 2014) . In this context our 410 findings further the proposal of Osborne and Sack (2012) , that C 4 photosynthesis was partly 411 selected for and co-opted as a water-conserving mechanism, and indicate that quicker responses of 412 stomata for C 4 plants relative to C 3 plants would confer benefits in A and ∂A/∂E.
413
Conclusion
414
We developed a coupled biochemical and hydro-mechanical model of stomatal conductance for 415 C 4 photosynthesis, and extended it with time-explicit functions allowing prediction of dynamic 416 responses to environmental stimuli. We calibrated the C 4 model using gas exchange measurements 417 for maize and three C 4 grass species (Eragrostis curvula, Heteropogon contortus and Themeda 418 triandra), and validated it against independent datasets. We showed that following a light-fleck, In Eqn 1, 0.047 is a coefficient scaling O 2 and CO 2 diffusivity (von Caemmerer, 2000) ; is the of PPFD into J ATP , and is an empirical factor, defining the curvature (Table 1) .
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Taken from Eqn 16 and 17 in Bellasio et al. (2016a) , the light-limited rate of Rubisco oxygenation 478 was solved as:
C BS (J) and O BS (J) were calculated through Eqn 3 and 4 respectively, where V P(J) =0.5xJ ATP , and,
480
finally, V C (J) was calculated by inverting Eqn 6, with V O (J) calculated through Eqn 9.
481
The hydro-mechanical model of stomatal behaviour
482
The hydro-mechanical model used here is a simplified formulation of the model of Buckley et al. where is a lumped parameter scaling turgor-to-conductance and the hydro-mechanical-to- When assimilation is enzyme-limited, V C(C) <V C(J) , C is calculated as:
where t is the total concentration of adenylates; and p is the concentration of photophosphorylation 495 sites (Table 1) .
496
When assimilation is light-limited, V C(C) >V C(J) , J is:
where V R is the potential RuBP pool size and E T is the total concentration of Rubisco carboxylating 498 sites (Table 1) .
499
The basal level of ATP activity due to other metabolic processes including mitochondrial 500 respiration is defined as . Here, we calculated , based on the gas exchange data, by inverting through Eqn 10 (see Figure 1 ).
529
Dynamic stomatal responses
530
One important factor for stomatal dynamics has been identified as the delay to reach a steady-531 state stomatal aperture after a change in PPFD (Lawson and Blatt, 2014 relative humidity was 70 % / 50 % (day / night). Plants were manually watered every one-to-three 550 days to provide variation in soil water availability over natural wetting and drying cycles.
551
To determine transpiration (E), assimilation (A) and g S under operational growth conditions, 552 instantaneous leaf gas exchange at midday was measured within the growth chambers on young, with an infra-red gas analyser (IRGA, LI6400XT, LI-COR, USA), fitted 555 with a 6400-40 leaf chamber fluorometer for maize and a red-blue LED light source (6400-02B, LI-556 COR Biosciences) for the three C 4 grass species (Bellasio et al., 2016b and E t were set at the values reported in Farquhar and Wong (1984) ; a t was initially set at the values 580 reported in Farquhar and Wong (1984) and then empirically adjusted (−30%) such that the output 581 from Eqn 10 fitted observations at low C i ( Fig 3C) ; e was linked to Soil through a simple linear 582 relationship, e = 1.2 -0.4 Soil , derived by liner regression of data from Sharp and Davies (1979) .
583
When responses were simulated under well-watered conditions, Soil was set at 0 MPa. We derive 584 and as a single quantity, after Rodriguez-Dominguez et al. (2016) . is dependent on stomatal 585 morphology, which is in turn under environmental control (Franks and Farquhar, 2007) , and we 586 consequently expect to differ between species and respond to environmental growing conditions. increase in J ATP (K J ) were derived through curve-fitting with the dataset reported in Figure 6 . For 591 clarity and simplicity the fitting described in this paragraph was done by manual adjustment, 592 avoiding automated routines. All model parameters and values are listed in Table 1 and S3 593 (grasses).
594
